The electronic structures and chemical reactivities (toward H, Li, Li 2 , and H 2 ) are examined for small (MgO) n clusters. It is postulated that decreases in the clusters' reactivity toward the above prototypical species as the cluster size (n) increases is related to the decrease in valence unsaturation that accompanies increases in n. Further, it is suggested that the known high reactivity of MgO powder and crystal is likely related to surface or defect sites that possess high levels of valence unsaturation.
Introduction
It is well-known in chemistry that pure and doped solid MgO are good catalysts of many chemical processes, while the valence isoelectronic LiF and NaCl crystals are not. Presumably, the catalytic action involves either or both of the constituent ionic centers coupling to the catalyzed species. Why does MgO work but LiF and NaCl do not?
If we view these crystals as formed from closed-shell ions (Mg 2+ and O 2-for MgO and Li + and F -for LiF), one would expect LiF and MgO to behave similarly because neither O 2-nor F -would be able to form additional chemical bonds. Likewise, Mg +2 and Li + should not be highly active except toward species having lone-pair electrons. From these perspectives, the very different behavior in the chemical activity of MgO, LiF, and NaCl crystals is a puzzle.
It occurred to us, and we examine the possibility in this paper, that the more reactive nature of MgO may be related to the divalent nature of its constituents and the ability to form either MgdO or Mg-O type bonding, the latter of which involves two centers (Mg • and O • ) with potential to covalently bond to catalyzed species. In an earlier series of articles, 1-6 it has been shown that diatomic MgO (and BeO) do not actually have M 2+ and O 2-charges, but rather charges closer to M + and O -. Analysis of the complete active space self-consistent field (CASSCF) and configuration interaction (CI) wave functions of BeO and MgO 1-3 has shown that their ground states are not well represented by the highly ionic configuration that describes MgdO (or Mg 2+ and O 2-). The proper wave functions have large contributions from electronic configurations which describe single bonded Mg-O with two unpaired electrons that are singlet coupled. As result, the oxygen does not have a full octet of valence electrons, is not fully closed-shell, and can form very stable bonds with other species by using its unpaired electron density. For example, we earlier have shown that the oxygen centers in BeO 5 and in MgO 6 may form additional very stable bonds with Be or Mg resulting BeOBe and MgOMg. The dissociation energy of the second Be-O and Mg-O bonds in the latter molecules are almost the same as the former. 5, 6 Castleman and co-workers [7] [8] [9] [10] [11] experimentally observed an unusually high intensity mass spectral peak for Mg 2 O + cations, in agreement with our theoretical prediction of the exceptional stability of neutral Mg 2 O 6a as well as the Mg 2 O + cation. 6b Moreover, Thompson and Andrews 12 observed BeOBe in solid argon as a result of the reaction of laser ablated Be atoms with O 2 , and their computational results on a BeOBe molecule are similar to ours.
If the charge distribution in diatomic MgO is really closer to +1 and -1, it is interesting to inquire about what kind of charge distribution one can expect for various size (MgO) n clusters and for MgO crystal. Could it be that charges intermediate between +1 and -1 and +2 and -2 are responsible for the high catalytic activity of MgO crystal? In this work we address these questions on the basis of the results of our ab initio calculations on MgO, Mg 2 O 2 , and Mg 4 O 4 (and LiF). We also examine the reactive encounters of these clusters with hydrogen and lithium atoms and molecules, which serve as prototypical monovalent reactant species of very different electron negativity.
The reactivity of MgO, Mg 2 O 2 , Mg 4 O 4 , and Mg 6 O 6 clusters with H 2 as a model for adsorbtion of a hydrogen molecule onto a MgO (100) surface has been intensively studied previously. [13] [14] [15] [16] It was found that hydrogen atoms favor coordination to oxygen atoms in Mg 4 O 4 . 13 When the number of atoms in the cluster (MgO) n increases, the enegy of "chemisorbtion" decreases. 16 Moreover, Li doping (substitution of Li for one Mg atom in the cluster) enhances the "catalitic" activity of MgO by creating O -centers which strengthen the donor-acceptor interactions with H 2 . 15, 16 However, the reactivity of atomic hydrogen and lithium with these doped clusters have not yet been examined.
Computational Methods
The geometries of MgOH, HMgOH, LiFH, HLiFH, LiOMg, and LiOMgLi were optimized employing analytical gradients 17 with a polarized split-valence basis set (6-311++G** 18 ) at the MP2(full) and QCISD levels. Analytical second derivatives were used at the MP2(full) level and numerical second derivatives at the QCISD level. The fundamental vibrational frequencies, normal coordinates, and zero-point energies (ZPE) were calculated by standard FG matrix methods. The QCISD/ 6-311++G** geometries were used to evaluate electron correlation in the frozen-core approximation both by Møller-Plesset perturbation theory to full fourth order 19 and by the (U)QCISD(T) method 20 using 6-311++G(2df,2pd) basis sets. The UHF wave functions for open-shell systems were projected to pure spectroscopic states (PUHF, PMP2, PMP3, and PMP4 21 ).
The geometries of Mg 2 O 2 , Mg 2 O 2 H, and Mg 2 O 2 Li were optimized employing analytical gradients with a polarized splitvalence basis set (6-311++G**) at the MP2(full) level. The MP2(full)/6-311++G** geometries were used to evaluate electron correlation in the MP4 and the (U)QCISD(T) method using 6-311++G(2df,2pd) basis sets.
Finally, the geometries of A straightforward way to define atomic charges in MgO, (MgO) n clusters, and MgO crystal is to perform conventional quantum chemical calculations and to examine the various resonance structures in the resulting wave functions. However, because there is no quantum mechanical operator that rigorously defines atomic charges in molecules, there is a degree of arbitrariness in assigning electron densities to the atoms. Many different methods have been developed for the quantum chemical calculation of atomic charges. We explored five popular methods: Mulliken population analysis, 23 the MerzKollman method, 24, 25 which produces partial charges fit to the electrostatic potential at points selected according to the MerzSingh-Kollman scheme, the CHelpG method that produces charges fit to the electrostatic potential at points selected according to the CHelpG scheme, 26 the dipole method that produces charges to fit the potential constrained to reproduce the dipole moment 22 and the natural bond analysis 27 method of Weinhold. We believe it essential to examine various methods to make certain that any conclusions we draw do not depend on using any particular definition of atomic charges.
LiF, Na 2 O, and MgO. Let us first consider the charges in diatomic MgO and compare them with charges in LiF and Na 2 O which are expected to be close to +1 and -1 and +1, -2, +1, respectively. For MgO we used two conventional 6-311+G* and 6-311+G(2df) basis sets as well as the more extensive (12s6p/7s7p)Mg+ (11s7p/6s4p)O basis set developed by Ahlrichs at al. 28 augmented by 2d1f functions from the Gaussian-94 library and two sets of diffuse functions on every atom: R p8 (Mg) ) 0.0179, R p9 (Mg) ) 0.00597, R p5 (O) ) 0.0494, and R p6 (O) ) 0.0165 (QZ2D2Dif basis set). For the other molecules and clusters, only the 6-311+G* basis set was used because this basis was deemed to be reliable for MgO and remains computationally feasible for the larger systems we studied next. Four theoretical methods, SCF, MP2, CISD, and QCISD, have been used for MgO and (except CISD) for the other molecules.
Our results on MgO, LiF, and Na 2 O are presented in Table  1 along with those for Mg 2 O 2 and Mg 4 O 4 . As expected, the calculated effective atomic charges vary substantially from method to method and among basis sets. However, certain features clearly stand out independent of the method used to define the charges:
(1) As expected, the charge on F in LiF is very close to -1, ranging from ca. -0.7 in the Mulliken scheme to ca. -1.0 in the NBO scheme. Neither variation in basis set nor in ab initio method causes these charges to vary greatly. Even at the SCF level, the charges remain in these ranges.
(2) For Na 2 O, the charge on O varies from ca. -1.2 to -2.0. As electron correlation is included (i.e., moving beyond the SCF treatment), the charges decrease somewhat in magnitude and then range from -1.2 to -1.5.
(3) For MgO, the O charges range from -0.5 to -1.4; for the best basis sets and highest levels of correlation, they do not exceed -1.2 in magnitude.
(4) The O in MgO is seen to have an atomic charge closer to that of F in LiF than to the O in Na 2 O independent of the choice of basis set or method used to define atomic charges.
Mg 2 O 2 and Mg 4 O 4 . We earlier proposed 6 that MgO might be viewed as a pseudobiradical because the pair of electrons involved in forming the second Mg-O bond is very weakly coupled (e.g., the singlet-triplet splitting between the two states of these weakly coupled electrons is only 0.326 eV 29 a Mulliken population analysis. b Dipole method that produces charges to fit the potential constrain to reproduce the dipole moment. c Fitting charges to the potential at points selected accorsding to the ChelpG scheme. d Fitting charges to the electrostatic potential at points selected according to the Merz-Singh-Kollman scheme. e Natural population analysis. f At QCISD/6-311+G(2df) level. g At MP2(full)/6-311+G* geometry. h At SCF/6-311+G* geometry.
and -2 (O). We calculated the effective atomic charges in Mg 2 O 2 using the same five methods detailed above for MgO and indeed found the charges in Mg 2 O 2 to be ca. 0.5 unit larger than in MgO but only the NBO atomic charges are close to 2.
The data presented in Table 1 The data overviewed above suggest that the partial atomic charges in (MgO) n differ significantly from (2 and increase in magnitude as n increases. Although the findings discussed thus far may shed some light on what is different between MgO and LiF or NaCl, we do not feel that such equilibrium average charge densities provide a definitive resolution. For this reason, we decided to also examine differences in how Mg n O n and LiF behave when confronted with H 2 , Li 2 , H, or Li reactants. Our findings in this area are discussed in the following section.
Comparing Interactions of Mg n O n and LiF with H and Li Atoms and Diatomic Molecules
MgO + H or H 2 . The results of our calculations for MgOH, HMgO, and HMgOH are presented in Table 2 . While HMgO is a true minimum on the potential energy surface, this isomer is substantially higher in energy (by 69 kcal/mol at QCISD/6-311++G**) than the global minimum structure MgOH. This means that the hydrogen atom favors bonding to the oxygen end of MgO, which is by no means surprising. The dissociation energy D e (MgOH into MgO + H) ) 120 kcal/mol is more than twice that for the HMgO isomer D e (HMgO into MgO + H) ) 50 kcal/mol (all numbers at QCISD(T)/6-311++G(2df,2pd)).
At our highest theoretical level (QCISD/6-311++G**), R e -(Mg-O) ) 1.801 Å in MgOH while R e (Mg-O) ) 1.823 Å in HMgO; both are very close to our computed bond length R e -(Mg-O) ) 1.810 Å in diatomic MgO and somewhat longer than the experimental values 1.749 Å in MgO 30 and 1.76087 Å in MgOH. 31 The bond-length discrepancies are related to limitations in both basis sets and theoretical method. The use of larger basis sets somewhat improves the agreement with experiment: R(Mg-O) ) 1.778 Å for MgO and R(Mg-O) ) 1.781 Å for MgOH, both at QCISD/6-311++G(2df,2pd); however, we can not use such extended basis sets for the larger systems, so we restrict our analogies to data obtained with the more modest bases.
The dissociation energy of MgO (57 kcal/mol; this value and others are at the QCISD(T)/6-311++G(2df,2pd) level) is close to the dissociation energy of the Mg-O bond in MgOH (72 kcal/mol), but it is substantially lower than the dissociation energy of the Mg-O bond in HMgOH (112 kcal/mol). However, to correctly compare these energies, we need to take into account the so-called promotion energy (the excitation energy of the Mg atom from the 1 S to the 3 P state, which is 59.7 kcal/mol at QCISD(T)/6-311+G(2df)) that the Mg atom gains in both MgO f Mg + O and MgOH f Mg + OH, but does not gain in HMgOH f HMg + OH. Therefore, we need to compare the dissociation energy of HMgOH f HMg + OH (112 kcal/mol) with the dissociation energies of MgO f Mg ( 3 P) +O (117 kcal/mol) and MgOH f Mg ( 3 P) + OH (132 kcal/mol). The trend is clear; the strength of the "double" MgdO bond in MgO is about the same as the single Mg-O bonds in both MgOH and HMgOH. Therefore we conclude that the "second" bond is very weak in MgO (i.e., 5-20 kcal/ mol). 
QCISD/6-311++G** QCISD/6-311++G** QCISD/6-311++G** QCISD/6-311++G** The exothermicity or energy of "chemisorption" of H 2 on the MgO diatomic molecule with the formation of HMgOH is 82.7 kcal/mol. This is expected to exceed the chemisorption energy for H 2 molecules on other (MgO) n clusters and MgO crystal because, as was shown above, the magnesium and oxygen atoms have the lowest atomic charges in the diatomic molecule and therefore should have the highest reactivity. Anchel and Glendening 16 found in their ab initio calculations of the H 2 (MgO) n , n ) 1-4 clusters that indeed the chemisorption energy of H 2 to (MgO) n is highest for n ) 1. Their chemisorption energy of 88.5 kcal/mol is somewhat larger than ours because they used MP2 level theory and smaller basis sets than in this work.
If MgO has more of a single bond than a double bond, one can expect the energy of the reaction MgO + 2H f HMgOH to be nearly the sum of the energies of the reactions MgOH + H f HMgOH and HMgO + H f HMgOH. Indeed, the energy of the former reaction (191 kcal/mol) is close to the sum of energies (213 kcal/mol) of the last two reactions. According to these numbers, the effect due to partial binding of the second pair of electrons in MgO is ca. 22 kcal/mol which is similar to the 5-20 kcal/mol range noted earlier in this section.
In summary, the direct comparison of the bond length and bond energy of the "double" MgdO or Mg 2+ O 2-bond in MgO with normal single Mg-O bonds demonstrates that MgO does not possess a conventional double bond and therefore can form strong bonds with hydrogen giving MgOH, HMgO, and HMgOH.
MgO + Li or Li 2 . The results of our calculations for MgOLi, LiMgO, and LiMgOLi are presented in Table 3 . LiOMg ( 2 ∑ + ) was found to be the global minimum. The linear LiMgO ( 2 ∑ + ) structure is a local minimum which is 70 kcal/mol (at QCISD-(T)/6-311+G(2df)) less stable than LiOMg.
The LiOMg molecule is found to be very stable D e ) 70 kcal/mol for dissociation into LiO ( 2 ∏) + Mg ( 1 S) and D e ) 93 kcal/mol for breaking into MgO ( 1 ∑ + ) + Li ( 2 S) at QCISD-(T)/6-311+G(2df). The latter dissociation energy is comparable to the dissociation energy D e ) 80 kcal/mol of LiO, and the dissociation energy into Mg + LiO is comparable to the dissociation energy D e ) 57 kcal/mol of MgO (both at QCISD-(T)/6-311+G(2df)), again supporting the view that the oxygen atom in MgO has charge closer to -1 than to -2.
The energy of "chemisorption" of Li 2 on the MgO diatomic molecule to form LiMgOLi is 102 kcal/mol (QCISD(T)/6-311+G(2df)), which is higher than the corresponding energy ∆E ) 82.7 kcal/mol reported in the preceding section for H 2 . This difference is due to the low dissociation energy of Li 2 (23.6 kcal/mol at QCISD(T)/6-311+G(2df)/24.6 kcal/mol experiment 30 ) compared to H 2 (108.1 kcal/mol at QCISD(T)/6-311+G-(2df)/109.5 kcal/mol experiment 30 ). The dissociation energy D e ) 99 kcal/mol of LiOMgLi into LiMg ( 2 ∑ + ) + LiO ( 2 ∏) is somewhat lower than the dissociation energy D e ) 112 kcal/ mol of HMgOH into HMg ( 2 ∑ + ) + HO ( 2 ∏) and both are somewhat lower than the dissociation energy D e ) 117 kcal/ mol of MgO into Mg ( 3 P) + O ( 3 P).
From these data it is clear that the difference between the dissociation energy of MgO and LiOMgLi (or HMgOH) is too small to support the existence of a significant double bond in MgO. They are consistent with bonding in the range 5-20 kcal/mol.
LiF + H or H 2 . Because LiF is valence isoelectronic to MgO, one might expect LiF to couple with hydrogen similar to MgO. We studied the full potential energy surface of LiFH and found two minima which are, in fact, only weak van der Waals complexes (see Table 4 ). The global minimum structure is the FH‚‚‚Li (C s , 2 A′) structure with a strong F-H bond and a weak van der Waals bond between FH and Li. At our highest level of theory (QCISD(T)/6-311++ G(2df,2pd)) the binding energy of FH and Li is 5.8 kcal/mol.
The local minimum structure is FLi‚‚‚H (C ∞V , 2 ∑ + ) with a strong F-Li bond and weak van der Waals bond between FLi and H. This structure is 10.6 kcal/mol less stable than the global minimum.
From these data one can conclude that LiF can form only 
MP2
(full)/6-311++G** MP2(full)/6-311++G** MP2(full)/6-311++G** 
ν3(π) ) 105 cm -1 ν4(π) ) 125 cm -1 ν5(π) ) 63 cm -1 ZPE ) 2.49 kcal/mol ZPE ) 1.70 kcal/mol ZPE ) 3.23 kcal/mol ∆Emp2(full) ) 0.0 kcal/mol ∆Emp2(full) ) 82.3 kcal/mol QCISD/6-311++G** QCISD/6-311++G** QCISD/6-311+*G** R (Mg-O) (Table 4) is a van der Waals complex between H 2 and LiF. The global minimum structure has a linear H-H‚‚‚F-Li (C ∞V , 1 ∑ + ) structure (Table 4) , which is bound only by 1.7 kcal/mol (QCISD(T)/6-311++G(2df,2pd)). Again, this is completely different from the reactivity of MgO and H 2 .
Li 2 F, Li 2 Cl, Na 2 F, Na 2 Cl, Cs 2 F, and Cs 2 Cl have also been the subject of theoretical and experimental studies. [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] While MgO and BeO reacting with Li form a very strongly bound MgOLi and BeOLi, the valence isoelectronic alkali-metal halides (Hal) reacting with alkali atoms (Alk) form relatively weakly bound Alk 2 Hal molecules (D e < 34 kcal/mol 38 ), where the atomic charge distributions are close to Alk 2 + and Hal -. In other words, the extra alkali atom does not form an additional bond with the halogen but rather reacts with the first alkali atom; hence, the electronic structures of these molecules are completely different from those of the isoelectronic MgOLi, BeOLi, etc.
From all of the above data it is clear that LiF is indeed a valence-saturated molecule whose ions have very stable full octet electronic structures, while MgO behaves more like a psudobiradical. 2MgO f Mg 2 O 2 . One might expect that dimerization of MgO would diminish the • Mg-O • character by tying up the reactive sites and increase atomic charges and might lead to an unusually large dimerization energy and to a larger singlettriplet splitting in the dimer.
This is exactly what we find in our calculations. At our highest level of theory (QCISD(T)/6-311+G(2df)), the dimerization energy is found to be 125 kcal/mol, which is substantially higher than the dimerization energy 61.2 kcal/mol for the isoelectronic NaF. 43 Another sign that electrons forming the weak second bond in MgO couple to form new bonds upon dimerization is provided by the large increase in singlet triplet splitting that accompanies dimerization. We performed calculations of several triplet states: 3 Table 5 . The 3 B 2u state is the lowest vertical excited state and has an excitation energy of 2.14 eV at QCISD(T)/6-311+G-(2df) level. This energy gap is substantially higher than the singlet-triplet excitation in MgO, (0.24 eV).
On the basis of the large singlet-triplet splitting in Mg 2 O 2 and the large dimerization energy for MgO, one might conclude that the dimer (and larger clusters) may consist of Mg 2+ and O 2-ions even though MgO does not. However, the dimer is still quite far from the ionic limit as the charge densities shown in Table 1 Table 6 .
At our highest level of theory (QCISD(T)/6-311++G(2df,- 
.68 kcal/mol ZPE ) 1.80 kcal/mol ZPE ) 9.26 kcal/mol ZPE ) 9.89 kcal/mol ZPE ) 8.86 kcal/mol ∆Emp2(full) ) 0.0 kcal/mol ∆Emp2(full) ) 8.1 kcal/mol ∆Emp2(full) ) 0.0 kcal/mol ∆Emp2(full) ) 36.9 kcal/mol ∆Emp2(full) ) 39.2 kcal/mol QCISD/6-311++G** QCISD/6-311++G** QCISD/6-311++G** QCISD/6-311++G** QCISD/6-311++G** R (Li-F) 
∆E qcisd(t) ) 10.7 kcal/mol ∆E qcisd(t) ) 0.0 kcal/mol ∆E qcisd(t) ) 34.9 kcal/mol ∆E qcisd(t) ) 37.5 kcal/mol 2pd)) the 2 A 1 and 2 B 2 states of Mg 2 O 2 H were found to have nearly the same energy, and both states are predicted to be true local minima in C 2V symmetry. In the 2 B 2 state, the unpaired electron is located on the magnesium sites (50% at each Mg atom), while in the 2 A 1 state, the unpaired electron is located 65% at the oxygen atom not bound to the hydrogen with the rest of the unpaired electron density located on the magnesium atoms. The lowest 4 A 2 quartet state is only 0.96 eV less stable than the 2 A 1 and 2 B 2 states. In this state, the unpaired electron density is located (1.1 e) at the oxygen atom not bound to the hydrogen and (0.94 e) at every magnesium atom. The doublet-quartet excitation energy in Mg 2 O 2 H is substantially less than the singlet-triplet excitation (1.56 eV) energy in the pure Mg 2 O 2 dimer. We interpret this to mean that hydrogen atom "chemisorption" to an O site of Mg 2 O 2 partially restores the radicallike activity of the species. The energy released in the reaction of a H atom with (MgO) 2 is 58 kcal/mol at the QCISD(T)/6-311++G(2df,2pd) level which is considerably less than that released when a H atom reacts with MgO (120 kcal/mol). The reactivity of the dimer is lower than that of the monomer, but the dimer remains a very reactive molecule, able to form a strong bond to H.
(MgO) 2 + Li. For Mg 2 O 2 Li we studied the analogous doublet and quartet states (see Table 7 ). The doublet 2 A 1 state is a true minimum on the potential energy surface and is the lowest electronic state for this molecule. The 2 B 2 lowest excited state is a local minimum too that is 0.96 eV (at QCISD(T)/6-311+G(2df)) less stable than the ground state, which is different from the Mg 2 O 2 H case where both 2 A 1 and 2 B 2 states were found to have essentially the same energy. However, the electronic structures of the 2 A 1 states are different for Mg 2 O 2 H and Mg 2 O 2 -Li. In the former molecule, the unpaired electron is located mostly at the oxygen atom not bound to the hydrogen, while in Mg 2 O 2 Li the unpaired electron is located on two magnesium atoms.
Coordination of a hydrogen or lithium atom to Mg 2 O 2 creates unpaired electron density at the magnesium atoms in the lowest electronic states. The lowest 4 B 2 quartet state of Mg 2 O 2 Li is a local minimum but is 1.75 eV (at QCISD(T)/6-311+G(2df)) Figure 1) . As we observed earlier, MgO dimerization diminishes the • Mg-O • character, as a result of which, the charges in the dimer are closer to the +2 and -2 limit and consequently Mg 2 O 2 is less reactive (to H 2 or H or Li) than MgO. As one can see in Table 1 , the atomic charges do not change much when moving from the dimer to the tetramer, although they become somewhat closer to the ionic limit.
The exothermicity of the reaction 2Mg 2 O 2 f Mg 4 O 4 was found to be 159 kcal/mol (at MP2/6-311+G*) which is larger than that (120 kcal/mol at MP2/6-311+G*) of the 2MgO f Figure  1 ). We believe this to be the most stable isomer based on our experience with the smaller clusters. Because of the relatively large size of this molecule, vibrational frequency calculations were not performed. The exothermicity of Mg 4 O 4 + H f Mg 4 O 4 H was found to be 57 kcal/mol (at PMP2/6-311++G**) which compares to 61 kcal/mol (at MP2(full)/6-311++G**) for Mg 2 O 2 + H f Mg 2 O 2 H and to 126 kcal/mol (at MP2(full)/ 6-311++G**) for MgO + H f MgOH.
For Mg 4 O 4 Li we also studied only one C 3V ( 2 A 1 ) structure with lithium coordinated to oxygen (see Figure 1) . Again because of the relatively large size of this molecule, frequency calculations were not performed. The exothermicity of this reaction was found to be 44 kcal/mol (at PMP2/6-311++G**) which compares to 64 kcal/mol (at MP2(full)/6-311++G**) for Mg 2 O 2 + Li f Mg 2 O 2 Li and to 102 kcal/mol (at MP2-(full)/6-311++G**) for MgO + Li f MgOLi.
The exothermicities for the addition reactions of lithium and hydrogen atoms to (MgO) n clusters are seen to decrease with the size of the cluster. This is in agreement with the view that the extent of valence saturation moves closer to the ionic limit as the coordination number in the cluster grows. One can speculate that in the bulk MgO crystal, the oxygen sites are valence saturated and thus not as reactive as at less coordinated sites. Oxygen atoms on the surface are not valence saturated nor are atoms on steps, kinks, and other defect sites, so these sites are likely to be more reactive. This view is in agreement with the experimental fact that highly dispersed MgO is very reactive. 44 
Conclusion
On the basis of the electronic structure findings reported here, we speculate that the unusual catalytic action of MgO in the powder or crystal states relates to the partially saturated valence nature of the ions in these crystals. In NaF and other alkali halides, the ions have full octets of electrons and therefore are valence saturated; this, we claim, makes the alkali halides nonreactive. Although MgO and other alkaline-earth oxides may contain valence saturated ions in the bulk, the ions in small clusters, at defect sites in the crystal, and at various surface sites likely do not contain valence saturated ions. As a result, such sites may form additional bonds to chemisorbed species. Thus, we speculate that it is the dual character of the ions in MgO (e.g., being intermediate between O 2-and O -) that makes these compounds catalytically active.
